Abstract-This paper presents an electrical model of aperture and mutually coupled three-elements cylindrical dielectric resonator antenna (CDRA) array designed for 802.11a system applications. In electrical model, each antenna component is represented by its equivalent RLC circuit. The advanced design system (ADS) software is used to build the electrical model and predict the behavior of return loss, while the antenna structure is simulated using CST microwave studio before fabrication. The first and last radiating elements of the proposed array are excited through the aperture slots while the middle element is excited through the mutual coupling of its neighboring elements. The slot length and inter-slot distance effects on bandwidth are comprehensively analyzed and presented. The maximum gain of the proposed array for 5.0 GHz band is about 10.8 dBi, and the achieved simulated (CST, ADS) and measured impedance bandwidths are 1.076 GHz, 1.0 GHz, and 1.2 GHz respectively. The proposed CDRA array antenna exhibits an enhancement of the gain (7.4%) and bandwidth (93.3%) as compared to a literature work with aperture slots. In this study, it is also observed that by using the mutual coupling instead of third slot to excite the middle CDRA, side lobe levels are also reduced significantly over the entire 5.0 GHz band.
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INTRODUCTION
Dielectric resonator antenna (DRA) technology has attracted many researchers. From literatures, the technology has been investigated since early 1980s after big contribution by Long et al. [1] . The DRA success is due to its several attractive features as compared to the conventional conductor antennas. The attractive characteristics of the DRA show that it can be a good radiating element. In addition, it can be implemented in various communication applications such as radars, satellite communication, wireless local area network (WLAN), and radio frequency identification (RFID).
Normally, single element DRA acts as a low gain antenna, but it has a broad radiation pattern. In some applications, high gain antennas are the major requirement for efficient long distance communication. Like conventional low gain antennas, DRA gain can also be enhanced by placing it in an array configuration. Several different shapes of DRAs have been proposed in the literatures i.e., cylindrical [2] , rectangular [3] and triangular [4] . Among these shapes, cylindrical dielectric resonator antenna (CDRA) is widely used, due to its simple field structure as compared to rectangular DRA [5] , and it is directional as compared to the rectangular and circular DRAs (i.e., rectangular and circular DRAs are bidirectional) [6] . The CDRA is characterized by its height h, radius a and permittivity ε r as shown in Figure 1 (a). Different types of feeding techniques have been proposed in the literatures to excite the DRAs arrays, such as probe feed, dielectric image guide, coplanar waveguide and microstrip transmission line. Among these different feeding techniques, the microstrip transmission line is more attractive due to low cost, small in size and ease of fabrication [7, 8] . In this proposed work, the microstrip transmission line feed is applied. It is characterized by its length L s and width w s as depicted in the Figure 1 (a) (b) Figure 1 . The geometry of the aperture coupled CDRA.
The main objective of this paper is to design a electrical model of high gain and wideband mutually coupled three-elements CDRA array for wireless LAN 802.11a applications. Subsequently, the proposed design is analyzed to obtain the antenna array performance through the development of the equivalent lumped-element circuit model. Then antenna array structure performance is analyzed using the CST microwave studio, advanced design system (ADS) and E8363C PNA vector network analyzer (VNA). The ADS lumped-element circuit is built to predict the behavior of return loss at required resonance frequency and verifies the antenna array feasibility.
CDRA ARRAY DESIGN METHODOLOGY
The geometry of single-element aperture coupled CDRA is depicted in Figure 1 . It consists of CDRA with diameter 2a = 15 mm, height d = 3.0 mm and permittivity ε r = 55. The coupling slot etched on the ground plane of FR4 substrate (1.565 mm thickness), with ε s = 4.9, is used to excite the CDRA through the 50 Ω microstrip transmission line. The aperture slot has a width w slot and length l s1 of 4 mm and 14 mm, respectively. The single-element CDRA is used to design the aperture and mutualy coupled CDRA array, excited by using a 50 Ω microstrip transmission line with a width of 2.6 mm, designed on the FR4 substrate with dielectric constant of 4.9 and a thickness of 1.565 mm as depicted in the Figure 2 . The synthesis procedure is used to calculate the width of the transmission line. This proposed CDRA array consists of three elements of the same CCTO (CaCu 3 Ti 4 O 12 ) material used in the single element CDRA. The resonance frequency of CDRA for TE 011+δ is given as [9] :
where: radius of CDRA, a = 7.75 mm. Height of CDRA, d = 3 mm. Dielectric constant, ε r = 55. Two radiating elements of this proposed array (i.e., first and last CDRAs) are excited through two aperture slots. These aperture slots of width w 1 = w 2 = 4.0 mm and length L 1 = L 2 = 20 mm are etched on the ground plane at a distance of 0.9λ g and are excited through the microstrip transmission line. The third radiating element (i.e., the central CDRA) is excited through the mutual coupling of its neighboring elements. The distances between the consecutive elements are 0.264λ air and 0.265λ air , respectively. From the literatures, it is clear that mutual coupling can be used to enhance the array performance [10] . In this proposed array, mutual coupling mechanism The open-ended stub matching mechanism is used for the impedance matching of loads and characteristic impedance of a microstrip transmission line. The purpose of impedance matching is to couple maximum amount of power to the antenna. Figure 2 (b) shows that the length of the stub is L. The stub length L is selected such that it compensates the reactance impedance of the slot window. In [11] , stub length initial value is given as:
where λ g denotes the guided wavelength. The value of λ g is given as [11] :
where: c is the speed of light, f 0 the resonance frequency calculated from Equation (1), and ε s the substrate permittivity. The CST design showing the air gap between the CDRs and ground plane due to fabrication error (surface of the CDRs is not smooth) is depicted in Figure 3 . The fabricated design of aperture and mutually coupled array antenna is depicted in Figure 4 . This proposed array successfully achieves bandwidth from 4.8-6.0 GHz. The detailed dimensions of this CDRA array antenna are depicted in Table 1 . 
EQUIVALENT LUMPED-ELEMENT CIRCUIT
The aim of designing the lumped-element circuit is to analyze the aperture and mutually coupled antenna array performance at the desired frequency. Different steps have to be followed, and modeling the equivalent circuit is as follows.
Single Element Equivalent Circuit
To build the lumped-element circuit of the aperture coupled CDRA, the same technique is used as presented in [7] . An equivalent lumpedelement circuit for single dielectric resonator is depicted in Figure 5 . The resonant resistance, inductance and capacitance for the dielectric resonator are calculated using the expression found in [12] .
where s 11 is the reflection coefficient, z 0 the characteristic impedance, Q 0 the quality factor, and n the coupling magnitude between excitation source and dielectric resonator. It is mentioned in [12] that the value of R r is to be chosen properly because it makes an important contribution in determining the value of L r and C r .
The input impedance of the slot can be calculated using the formulas found in [7] as:
where Z c is the characteristic impedance of the transmission line, R the voltage reflection coefficient, β f the propagation constant, and L t the stub length. The input impedance of the transmission line can be calculated by using the expression presented in [13] :
where h is the substrate height, Z cm the characteristic impedance of the microstrip, E cm the effective dielectric constant, l eq the equivalent extra length of microstrip, and c the velocity of light. The input impedance, in series with the microstrip line is written as
Mutually Coupled Array Antenna Equivalent Circuit
The novel four-elements aperture coupled array antenna has been introduced in [7] which does not include the coupling between the array elements because no wideband response was required. In our proposed work, the equivalent lumped-element circuit of aperture and mutually coupled array antenna in the improvisation of [7] is designed using ADS and depicted in Figure 6 . The mutually coupled array elements are connected by a coupling capacitor C c due to the coupling between the dielectric resonators. As shown in the Figure 7 , the total capacitance is the summation of gap capacitance in air (C air ), fringe capacitance C fringe and overlapped capacitance C overlapped . The expression used to determine the total capacitance is given as:
C air represents the coupling between the elements in air, C f ringe the capacitance from the edges of the CDR, and C overlapped is formed directly below the CDR, between CDR and ground plane. 
Model for Air Gap Capacitance
The air gap capacitance between the array elements is calculated by using the equations as follows:
where:
In [14] , using the rectangular shape design, the equation for constant 'K' is given as
In [15] , width of the rectangular patch i.e., w = 2r 0 for the cylindrical type. Hence the design which applies cylindrical type, the equation for constant K is given as follows:
where S represents the distance between the elements, and r 0 is the radius of the cylindrical dielectric resonator.
Fringe Capacitance
The fringe capacitance between the dielectric resonators edges and ground plane is depicted in the Figure 7 . The equation used to determine the fringe capacitance between the ground plane and CDR is given as
where K av is the average of dielectric relative permittivity between CDR layer and ground plane, α the factor to fix effective area {α = (2r−d)/h} for CDR, d the gap between dielectric resonator and ground plane (consider 0.2 mm because the surface of the DR is not perfectly smooth), h the height, and r the radius of CDR.
Overlapped Capacitance
The overlapped capacitance between the overlapping area of CDR and ground plane is depicted in Figure 7 . The equation used to determine the overlapped capacitance between the DRs and ground plane is given as
where K av is average of dielectric relative permittivity, ε 0 the vacuum permittivity, A the overlap area, and d the distance between CDR and ground plane.
RESULTS AND DISCUSSION
The design specification of the single-and three-elements antenna array is build in CST. The complete geometries for the two antennas are depicted in Figure 1 and Figure 2 . The steps in designing these antennas are carefully referred to the Equations (1) to (3). In addition, the equivalent lumped-element circuit is designed in the Advanced Design System (ADS) by applying Equations (4) to (14) . Once these two stages are completed, the antennas are ready to be fabricated. The validity of the equivalent lumped circuit is judged by comparing the values of return losses obtained through the ADS against those obtained through the computer simulation technology (CST) and fabricated design measurements (using E8363C PNA vector network analyzer). The return loss (S 11 ) results obtained by the RLC model, CST design and voltage network analyzer (VNA) are in good agreement. The simulated (CST and ADS) and measured return losses of single-element CDRA are depicted in Figure 8 . The simulated and measured bandwidths obtained through CST, ADS and fabricated designs are 0.2 GHz, 0.2 GHz, and 0.23 GHz, respectively. The equivalent circuit parameters for single element CDRA are depicted in Table 2 . The return losses of the simulated and fabricated prototypes of the antenna array are depicted in Figure 9 . The CST simulation gives the return loss of −51 dB at resonance frequency of 5.16 GHz with a bandwidth of 1.076 GHz. The ADS simulation gives the return loss of −51 dB at resonance frequency of 5.05 GHz with a bandwidth of 1.0 GHz, and the fabricated design with 1.2 GHz bandwidth and return A coupling slot length is varied to analyze its influence on the antenna bandwidth. As this antenna part is related to the feeding network, it has significant effects on antenna results. The initial slot lengths are chosen to be 2.0 mm and slot width chosen to be less than λ g 4 to avoid the back radiation. The effects of the parametric study of slots length are depicted in Table 3 , and it is clear that the best bandwidth is achieved at a slot length of 20.0 mm. Figure 11 . Slot length analysis on a last radiating element using (a) CST, (b) ADS.
The effects of changing the slot length on the return losses of the top radiating element, bottom radiating element and on complete array using CST and ADS software's are depicted in the Figure 10 , Figure 11 and Figure 12 , respectively. It is clearly shown that the CST and ADS show good and reasonable results which translate the functionality of the antenna design. The difference between the CST and ADS results in Figure 10 at lower frequency is because the ADS parameters are designed for strong resonance only, which is below −10 dB. The effects of slot length on the R r , L r and C r of the radiating elements are depicted in Table 4 . It is noticed that R r decreases by increasing slot length, and an antenna array achieves the best bandwidth (S 11 < −10 dB) when the value of R r is less than 100 ohms. The R r , L r and C r of the radiating elements are determined by using the Matlab programs of Equations (4a) to (14) . For the inter-slot distance analysis, the best distance between two slots is 25 mm. Other vales of inter-slot distance on bandwidth can be seen in Table 5 . The side-lobe levels at 5.0 GHz using two and three aperture slots are −17.6 dB and −12.4 dB, respectively. It is analyzed that using the mutual coupling mechanism in place of the third slot for this proposed array not only increases the bandwidth and gain but also reduces the side-lobe levels for whole 5.0 GHz band. The S 11 results of the proposed array using two and three slots are depicted in Figure 14 (b) which proves the advantages of using two slots and three CDRs. The comparison between the previous literatures on aperture coupled technique and the proposed work using aperture and mutual coupling is depicted in Table 6 . It is clear that by utilizing aperture and mutual coupling in the proposed antenna array, the bandwidth and gain are enhanced, and the number of elements is also reduced. 
CONCLUSION
In this paper, a lumped-element model of aperture and mutually coupled cylindrical DRA array at 5.0 GHz band is presented. In this electrical model, each array element is represented by its equivalent RLC circuit and used to predict the return loss behavior of the array. The coupling between the antenna elements are evaluated by introducing a coupling capacitor between the equivalent circuits of array elements. The numerical part of the proposed electrical model can be evaluated without using difficult mathematical programming techniques. The technique has shown its ability to generate reasonable results in all verified cases. The return loss results obtained from CST, ADS, and E8363C vector network analyzer (VNA) are in good agreement, which shows the accuracy of the proposed antenna array and its equivalent RLC model.
